The importance of good victuals and sound methods for ventilating ships to the maintenance of.health and efficiency of seamen is so well known thkt it may appear unnecessary to ask if the lessons and examples, with which British naval history abounds are given the full consideration they merit in modem warship design and operation.
We are, however, at the dawft of a new age in naval 'development as in tnany other spheres of interest. In the same way as the coastal voyages of the slave-driven galleys of ancient times and the Middle Ages gave way, following the introduction of th'e mariners' compass by Prince Henry of Portugal, to the great navigations of the fifteenth, sixteenth, and seventeenth centuries and the maritimne wars of the eighteenth; so now may the steam and motor-driven vessels of the nineteenth and twentieth centuries to which we are accustomed be replaced by ships of'new design, not only propelled at high speeds by new forms of power, but also greatly modified in structure because of the possibilities of future aerial, submarine, biological, and atomic warfare, and equipped to a high degree with complicated devices and weapons requiring skill, discrimination, and sustained concentration for their successful operation.
Future developments cannot fail to affect the naval way of.life; and enough has been seen in recent years of what can happen when the gadgeteer is allowed to run wild, to warn those responsible for the welfare and health of the men to keep a weather eye on plans for the future, and to ensure that the leqsons of the past as well as those of the present are not neglected.
Historical Drake circumnavigated the globe, and on December 31, 1600, the East India Company was formed. Moore (1911) stresses the poor understanding of ship ventilation and the neglect of human requirements which undermined the health of the Fleet under Henry VIII, and he describes how, when Calais was lost in the time of Mary, the spread of. disease contributed largely to the ineffectiveness of the British foices. Even the great naval battle of-1588 ywhich resulted in the defeat of the Armada was fought by a British Fleet which was largely ravaged by epidemics. Letters from the Lord High Admiral, Howard of Effingham, to Burleigh and Walsingham continually stressed the need for replaeimg sick men and for. providing money for clothed and other necessities for the crews who were in a parlous state after eight months at sea; and they told also of the attempts made to defeat the scourge by cleaning out. ballast, airing ships with fires, and renewing ships' companies. The winds scattered the enemy but the English.losses from disease were desperately heavy-,.
Disease flourished particularly amongst the conscript motley of landsmen who were-impressed in those days to serve in warships in times of national crisis. The tried and picked crews who signed on for special expeditions between the wars to sail under commanders such as Drake, who had care for the needs of their men, fared much better. 185 BRITISH JOURNAL OF INDUSTRIAL MEDICINE Indeed, had it not been so, voyages such as' the circumnavigation of the globe, by the Pelican (renamed the Golden Hind during the voyage) over a period of three years would have resulted in disaster. Even Drake had his troubles, however, and it is reported that he lost 600 out of 2,300 men from illness in ships which undertook an expedition under his command in 1585-86.
The'decline of British seapower under the early Stuarts brought no amelioration' to the lot of seamen.' James I, described as " the most thoroughgoing Pacifist who ever bore rule in England," did little for them, and under Charles I warships were often little -more than floating pest-houses. The high, mortality amongst' crews was repeatedly attributed by those in authority in the Fleet to poor and inadequate victuals, shortage of clothing, and appalling personal hygiene. Expedition after expedition. failed because o'f the heavy toll of disease in ships' companies comprised largely of impressed landsmen who did not know how to live in ships and were unwilling to learn. This desperate state of affairs persisted, but not from lack of reports from commanders, whose suggestions for improvements were rarely implemented. For example, Captain John Smith (1626) in his " Accidence for Young Seamen " recommended in his " Petty Tally" an. ample and varied diet including the "Juyce of Lemons The severe conditions of the Napoleonic Wars brought home to the authorities the necessity for improving the lot of seamen and resulted in many reforms, which, blended with the introduction of steam propulsion and iron hulls during the comparatively peaceful Victorian era, led to the evolution of the standards of living and working conditions in warships as we find them today. Scurvy Scurvy appears to have been primarily a disease of comparatively moderm times. Lind (1772) , in a most comprehensive thesis, observes that although Hippocrates described an illness which was almost certainly scurvy, the succeeding Greek and Roman authors apparently did not know it, He attributed this to their scanty knowledge of northern waters and also to " their short coasting voyages," and these limitations applied to the experience of the majority of those that followed them for many years, although records are scarce.
With improved methods of navigation and the discovery of the Indies in the fifteenth century, the first recent account of this disease appeared in the chronicles of Vasco da Gama (1497), who lost a hundred men from his crew of 160 during his voyage around the Cape of Good Hope to the East Indies. Jacques Cartier, after his second voyage to the Saint Lawrence River in 1536, gave a vivid description of a disease which broke, out amongst the garrison ashore which was probably scurvy and which responded rapidly to concoctions made from the leaves of -a shrub (the hanneda) which was advocated as a remedy by the Indians.
The disease was not generally recognized, however, probably until long voyages away from land became more common, for the " incubation period" for scurvy appeared to be three to four months; thus the sea voyage of Columbus (1496) was completed well within this time, and they did not suffer from this disease. Underwood (1947) points out that the relation of the lemon to the cure of conditions which were probably scorbutic was known from very early times, and refers to a monograph-De Limonibus Tractatus-extracted from the Arabic work of Ibn-al-Baitar (1197 -1248 (Keevil, 1933 Shaw gives a grim summary of conditions prevailing in ships during the eighteenth century: "Besides overcrowding and deficient ventilation ... the ships were damp, bilge water was often foul and its odour penetrated the whole ship. The men ... frequently were without changes of clothing; washing facilities were meagre, due to not only the very restricted water supply, but also the lack of soap; and the numerous candles used for lighting purposes further contaminated the air ... live stock were frequently accommodated on board . . Rotting ballast further fouled the atmosphere. Vinegar was widely used to purify the air, and was wrongly thought to prevent the spread of infection.
Ships' companies were diluted with the unhealthy scourings of the seaboard towns who were " impressed " to serve in the Navy by the press gangs.
Although the physical nature of the convective effects of the fires between decks was incompletely understood,-their value was well appreciated in the seventeenth and eighteenth centuries not only for preserving the health of the men, but also for saving the timbers of the ships. The latter requirement possibly carried a higher priority than the former in arousing the keen interest shown in warship ventilation. Desaguliers (1727, 1735; quoted by Reid, 1844 , Bernan, 1845 , and MacDonald, 1881 was consulted by the Admiralty about 1740 as to whether "the centrifugal wheel and pipes " with which he had ventilated the House -of Commons a few years earlier might be used to purify the air of ships; and at the same time Dr. Stephen Hales (1755) conceived a method of utilizing ventilators for the same purpose, which were worked by hand and had a bellows-like action. He 'described his invention to the Royal Society in May, 1741.
These devices, however, required men to work them constantly (these men were called 'the " ventilators " by Desaguliers, who called his machine a " blowing wheel "), and a more subtle solution was proposed by a brewer called Samuel Sutton (1744). He proposed to lead pipes from the hold or from other foul spaces below decks into the enclosed galley fire places beneath the coppers in which provisions were boiled; thus making use of the convective currents induced by the fire in place of the human operators. After trials ashore this economical system was installed in the Norwich in 1741, which then sailed on a tropical cruise for two years. On his return the Commanding Officer reported indifferently on the method, notwithstanding the sustained good health of his crew, which he attributed to the ship making enough water to " keep her sweet," presumably by flushing the bilges. However, Sutton's pipes were subsequently-fitted in the Namur, Warwick, Sandwich, and Vigilant, and were received more favourably.
In -the meantime Hales' ventilators were fitted into the ships of the slaving trade. It was remarked that the exercise of "ventilating " kept the slaves healthy, and the valuable cargo was excellently preserved by the improved air below decks, so, that the survival rate of slaves was said to be increased by as many as twelve times following the fitting of ventilators in five Nova Scotia slavers in 1749.
Apparently ventilators were fitted in warships as well, for in a further communication to the Royal Society in 1755 Hales quoted the experience of Captain Thomson of the Success frigate in 1749: "Their rule for ventilating was half an hour every four hours but, when ... neglected for eight hours altogether then they would perceive, especially in hot weather, a very sensible difference by that short neglect of it ... There were two hundred men on board for almost a year yet he landed them all well in Georgia," and again " . . . the crew of this ship, which lay windbound for four months with the expedition Fleet which soon after invaded France, were very healthy all the time, when they were very sickly in all the ships of that expedition," a naturally controlled experiment.
Later Hales' ventilators were fitted at Haslar Hospital, and in other shore establishments, and in 1756 they were installed in the Royal George, "In which the Honourable Admiral Boscawen, taking care to have them properly worked, they were found to have the desired good effect, so to refresh the whole air in the ship as to preserve-in good health 850 people; which happy event occasioned their being ordered to be put into the whole Fleet." (Hales, 1758.) It transpired, however, that although the inventions of Hales and Sutton were both proved in practice, they were frequently improperly used or not used at all, and before very long the old-fashioned windsails, always at the mercy of contrary winds, regained their place as the main standby for warship ventilation, and retained it for the next hundred years or so, coupled at times with the use of fires between decks to " dry the air."
The lively spirit of invention and rivalry in securing improved conditions for men in ships was occasioned firstly because the country was fighting naval wars for much of this century, and-the Admirals, if not the Government, realized that men were the first machines of war, and that the country was going to run short of seamen if energetic measures were not taken to -preserve their health, and, secondly, because the human cargoes to be carried from the Guinea Coast to the American plantations were of great commercial value. It paid to land slaves in good condition. But, although these incentives continued for some time, no notable progress was to be made in methods of ventilating ships until in place of men, steam and electrical power became available to work the fans. (Laughton, 1866;  quoted by Turnbull, 1904 (1920) , which describes how they struggled, against, " stupidity, ignorance, prejudice, and indifference in-high places and low,'in the Admiralty and the forecastle' they had the hard task of seeking to break down immemorial custom; dared to challenge tradition; and preached seemingly frivolous beneficent novelties to insular conservatism that held hardship essential for hardihood."
.The part played by their varying personalities in the success they achieved is well shown: Blane, tactful, patient, and well-connected, and from the start the close friend of captains and admirals; Lind, the pioneer, a genius for observation and deduction, a diligeht student and-a careful writer, but disappointed by failure to achieve in his time the full credit he deserved; Trotter, a man of great energy as well as learning, had more sea service than either of the-others and insisted.on the need-for sea surgeons and physicians to learn the problems of the Service by going to sea before they were given high places in the service of the Admiralty. He was a keen practical observer and appears to have had the good will both of sea surgeons and physicians Iand of medical scientists, such as Jenner, whom he greatly admired; but he was in constant rebellion against what he considered to be the intransigent attitude of the Admiralty.
Lind speaks of " the. preposterous custom of washing decks after sunset," and stresses the need for keeping ships dry. The idea -that it was necessary to soak -wood to season it before ships were built meant that the timbers of many ships were rotten before they were launched and menof-war rarely lasted for more -than seven or eight years without complete overhaul. He considered the damp timbers to contribute greatly to sickness .and pronounced Hales' ventilation system " the most beneficent invention for mariners which this age has produced." Trotter (1797) probably provided the best review of the practical situation in ships and he wrote extensively of the evils of impressment, which he pronounced to be " the cause of more destruction to the health and lives of our seamen that all oth,er causes put together." IIe strongly supported the arguments put forward by Lind-and Blane for a general u7niform to be issued to seamen, and expanded on the need for good ventilation, suggesting that "more attention be directed to the construction of pumps for dislodging a vitiated portion (of air), than has been bestowed on a machine that should fill up the vacuum by a purer column (of air)." He referred to the inconvenience of using scuttles and ports for ventilation purposes and the shortcomings of wind sails, and suggested the construction of " air flews " communicating with the upper deck and the compartments below. He gave, in fact, a nice account of the ends which warghip ventilation should achieve.
Blane,.in a foreword to his " Diseases of Seamen" (1799), says that when he joined Admiral Rodney's Fleet in 1780 the Admiral insfructed him that-every surgeon was to send him a monthly return, " stating the degree of prevalence of different diseases, the mordtality, and whatever else related to the health of the prospective ships." This wise instruction enabled Blane to collect a wealth of information about the health of the Fleet then and in the succeeding years, and these nosological returns became the yardstick by which he measured the improved health of the Navy during the wars -with France. He showed that the yearly proportion of those sent to hospital in all parts of the world to the number voted by Parliament for the Navy only changed from 1 in 3 3 to 1 in 4 between the years 1782 and 1795, but had fallen to 1 in 10 75 by 1813. This remarkable change was ascribed to the general measures discussed above and to the general issue of lime juice after 1795. There was little change in health during the next sixteen years, and in 1829 the above ratio rose to one in 8-9, due to the increase of yellow fever in the Fleets.
He contrasted the experience of Lord St. Vincentwho in 1800 blockaded Brest with twenty-four ships of the line for four months without one of them being in port, and without sending more than sixteen men to hospital-with the experience of the Channel Fleet during the American War, which sent 6,064 men to hospital in a four-month period with fever and scurvy, and 2,500 on another occasion after a ten-weeks' cruise. In the first five years of the war with France (Ellis, 1947 (Ellis, , 1948 ).
-The Ventilation of Steam Ships Interest in warship ventilation was aroused afresh in the middle of the nineteenth century by the need for equipping three ships which were to go on an expedition to the Niger River to abolish slavery (M 'William, 1843) . The farsighted Dr. Reid (1844) had advised on the methods of ventilating the ships by means of a power-driven " fanner," which was operated by kroomen when steam was not available, and was devised so that the entire air supply was drawn through a chlorinated filter, by which the intention was to purify it. The resistance of the filter obviously limited the input of air and led to differences of opinion between the medical officers -of the different ships. One preferred to dispense with the filter and have a better air supply; the other considered better results were achieved with the filter in use. The expedition failed, but not apparently because of the heat, for the men remained fit in the tropics until they reached country which was heavily ridden with mosquitoes and fever.
Dr. Reid lays down interesting standards in his book on ventilation published after this expedition failed. He considered that for an uncrowded compartment, at an average temperature, air should be provided at a rate of ten cubic feet per person per minute, but he noted that considerable increases were required when numbers were high or if the air was heated; and stated that 100 cubic feet of air *per man per minute might be less powerful in the tropics than one cubic foot of air in cold countries "in its power of absorbing moisture from the body."
He remarked on " the very different effects produced by the same atmosphere at the same temperature according to the rates at which it moves," and considered that "in England for men engaged in bodily work a temperature of 650 F., with an atmosphere moving in a very gentle stream, so as not to be perceptible unless very ma-rked attention be paid to it, is the most generally agreeable in rooms which are not overcrowded." This view, recorded over one hundred years ago, and the importance attached to the significance of air movement and of a varying moisture content of the air, accord closely with those held today (Bedford, 1946) . Again one can only remark that, although mechanical devices have become increasingly ingenious and steam and electric power have been harnessed to a high degree ofefficiency, the desirable qualities for the thermal environment in which men should live and work were known long ago and have altered little, but the provision made to satisfy these criteria frequently fails dismally.
Reid placed windsails in the correct perspective as valuable auxiliary aids to inadequate ventilation; he recommended the use of the convection currents created by the galley fire or by other fires as further ancillary aids; and he proposed the adoption of exhaust ventilation, to be obtained by power-driven fans, which would exhaust the air from the compartments through ventilation trunking distributed throughout the ships. He observed that this system could be converted to a plenum system by reversing the direction of the fans. Modern warship ventilation can be said to have evolved from this time onwards.
In the remainder of the nineteenth century, apart from minor mechanical developments, few new concepts were introduced which bear upon the matters under discussion. 1. An air temperature of 55 to 600 F. for compartments in cold weather, and a somewhat higher temperature for hot weather.
2. That ventilation should be such that in the hot engine rooms and auxiliary machinery spaces a rise of temperature exceeding 300 F. above that of the outside air should be prevented at places where men may have to stay for some time, and that " when the wet-bulb temperature exceeds 850 F., it maX be necessary to carry out relief at short intervals." 3. That the plenum system should be adopted before the exhaust system in living spaces. 4. That the proportion of carbon dioxide in the atmosphere should be kept below 7 volumes per 10,000 volumes of air by adequate ventilation, which should be of the order of 3,000 cubic feet per man per hour (50 cubic feet per man per minute).
5. That a space of 200 cubic feet per man should be provided in messing-spaces, and that the spacing between the hammocks should not be less than 20 inches.
6. That the air supplied through the ventilation fbunking should be warmed by "indirect " heating for use in cold climates.
Special recommendations were made to cover the control of" wild heat " by fitting adequate insulation to prevent the emission of heat radiation from hot bulkheads heated by the sun or by machinery, from hot steam pipes, from the machinery itself, and from hot exhaust ventilation trunks and funnel uptakes. These were factors with which Nelson did not have to contend, and with the added factors of increasing compartmentation and watertight subdivision of ships marine ventilation was becoming a mostcomplicated problem.
The recommendations of the Committee were put into practice in the 1914-19f8 War, which was fought mainly in temperate and northern waters where the warmth of ships' companies was an important consideration, and the dirty evolution of " coaling ship "-added to-the hygienist's worries.
Following the declaration of peace there were few changes for several years. Dudley (1928) tions of warships where space was at a premium and also by the practical limitations to defining optimum thermal conditions below decks for ships which must operate all over the world. Ventilation was still, designed to limit undesirable accumulations, of carbon dioxide rather than with the aim of controlling the thermal environment, but he drew attention to the methods for assessing the thermal conditions which were most suitable for employment in ships, and described the sling hygrometer, the unsilvered dry and wet kata thermometers (cooling range 100 to 950 F.), and the vane anemometer. He recommended 620 F. as the optimum temperature for living spaces.
In 1937 the Admiralty-convened another Ventilation' Committee, which was directed primarily to consider the problems of magazine ventilation and the potential hazard of carbon monoxide poisoning following underwater explosions. Sir Leonard Hill, F.R.S., served as a member on this Committee.
As far as the living and working conditions of the men were concerned they accepted standards which fell below those of the Committee of 1912 in certain respects. These-decisions were necessitated by the considerable increases in ships' complements and equipment which were necessary to keep pace with the rapid advances in methods of making war, and were aided by the establishment of new criteria for defining efficient compartment ventilation. These required that the chemical standard hitherto employed, which aimed at controlling,the level of carbon dioxide in the air, should be replaced by a thermal standard, which aimed at the control of compartment warmth rather than the chemical purity of the air.
It appeared likely that the adoption of the new standard-would lead to certain -difficulties. The range of environmental conditions encountered in any ship varies widely, and it was appreciated that the fresh air requirements of the various compartments would vary greatly, not only frQm compartment to compartment but also in the different parts of the world. It was planned to meet the former difficulty by varying the size and power of the fans supplying air to and exhausting air from compartments, and to cope with the latter 'by installing " two-or three-speed " fans as a general rule. The correct operation of the ventilation system to meet the needs of the men now needed considerable skill and thought from the ships' officers, and the maintenance of numerous fans and great lengths of ventilation trunking threw heavy additional burdens on ships' electrical and engineering staffs.
The quantity of air to be supplied to the messdecks was reduced from 3,000 cubic feet per -man As instances of the way in which preventive medicine improved naval health, Shaw mentioned the reduced incidence of enteric diseases from 2 07 per thousand (1900-09) to 0-11 in 1926, the rarity of undulant fever-the one-time menace to the Mediterranean Fleet-and the virtual elimination of scurvy, small-pox, typhus, and yellow fever from the naval community, although he indicated tuberculosis, pneumonia, diphtheria, and venereal disease as illnesses requiring, at that time, further measures to secure their prevention.
In connexion with the above figures it is of interest to consider the annual rates for invalidings and deaths between the years 1934 and 1943, which show that before and during the early years of the war the death rate was 11 per thousand, an improvement on the figures considered hitherto and less than one twentieth of the rate in 1813.
Conclusion
When Great Britain declared war in 1939 the Royal Navy had not for over 130 years conducted major fleet operations which involved ships remaining continuously at sea in the " battle state " in tropical waters.
During this time the environment of the sailor had changed greatly. Wooden sailing ships, largely at the mercy of the wind, had been replaced by steel coal-burning or motor-driven vessels. The main causes of man-power wastage in the pastdietary defects, which produced scurvy and other deficiency diseases, and poor ventilation and a low standard of preventive medicine, which allowed the rapid& spread of infectious disease on the messdecks -had been corrected to a very large degree; but the thermal environment below decks, despite the advances in ventilation, was probably more severe than in Nelson's wooden ships, for Blane (1830) (Critchley, 1945; Ellis, 1947 Ellis, , 1948 ; nor will space allow the examination of more than a small part of the evidence available in the chronicles of naval medicine, and of the voyages of the past.
It will be seen, however, that in the past disease in the Fleet always rose to a peak when large numbers of landsmen were impressed in times of crisis, and declined when the landsmen had learned to become seamen under the conditions of war. This period of learning frequently coincided with a heavy manpower wastage from preventable disease and malnutrition, and an increasing realization on the part of commanders that if they were to maintain a healthy and efficient fighting force they must ensure reasonable standards of air hygiene and must feed and clothe the men adequately. These points are well illustrated by the events of the Elizabethan and Napoleonic Wars, and towards the end of the latter it was confidently stated that, despite the fact that the French had designed more efficient -fighting ships, the British sailors enjoyed a better state of health and their morale was higher. This was a vital factor in securing victory, and was undoubtedly largely attributable to the prolonged endeavours of. the great admirals and the sea surgeons and physicians.
When wars ended, however, demobilization of the Fleet rapidly followed, naval funds disappeared, and the lively spirit of invention which had been nourished by the urgent needs of war evaporated.
Lip-service frequently continued to be given to the need for preserving the welfare of the men; but, although committees and commissiolls met to consider their wants from time to time, the recommendations made in time of peace were frequently unreal and out of keeping with the conditions of war, and suggested an'unwillingness to face up to what might happen in the next war. All wars in the past seem to have been "'wars to end war."
It was an unfortunate fact that the two Admiralty Ventilation Committees which met during the present century-assembled after many years of peace when the lessons of the earlier wars were not fresh in the minds even of the naval executive officers concerned, and little account was taken of the severe conditions which might have to be faced in naval warfare under climatic extrefnes. It was even more unfortunate that these Committees closely preceded the outbreak of fresh wars, and 'there was inadequate time to implement many of the good recommendations that were made, whilst the new conditions of the new -war caused a revision of others before they were put into practice.
In the past, scientists were usually called in to assist naval ventilation committees-by advising on the conditions conducive to the maintenance of health and efficiency and on the ways of achieving them, and the naval interest in these problems undoubtedly served as a stimulus for certain individual researches which were undertaken on the problems of environmental hygiene. It appears, however, that the suggestions of the scientists were frequently only partly accepted, and their recommendations were ' not fully implemented, or else they were followed up with lack of energy and imagination, or with unwillingness to appreciate the practical problem, so that they were ineffective in practice. The whole neglect however, did not lie in material deficiency, waning interest, or inadequate or incorrect facts, but also in the'official-failure .to promote planned research into the wide fundamental environmental problems involved. This is an appropriate time, when the pattern of naval warfare in the future may be 'in the melting pot, to see that these mistakes are not repeated. Emphasis on the need for research is high at the present time, and the environmental problems which impaired health and efficiency in the 193945 War have been referred, since 1942, to the Royal Naval Personnel Research Committee of the Medical Research Council. This Committee considers on behalf of the Admiralty the physiological and psychological research necessary to add to fundamental knowledge and the ways of carrying it out. The problems of the thermal environment in ships are numerous and difficult, but they are being tackled by several teams. of workers from the physiological and psychologicat aspects, and also by ventilation engineers, who try to meet the recommendations of the physiologists by improved equipment design. The basic work is well in hand, but the research workers still depend for a realistic appreciation of things as they are in the Fleet on the reports of observers with the Fleet, and on such routine returns as those made in accordance with recent Fleet Orders which relate to the health of ships' companies and to the' assessment of unde5irably warm thermal conditions.
There is thus considerable activity at the present time,7 and the degree of success achieved in providing ships' companies with an optimal environment in which to live and work under cruising and action conditions in the future will be largely' assisted by its continuation, for many of the complexities have not yet been tackled whilst othe
